Coupling between σ-bonding electrons and phonons is generally very strong. To metallize σ-electrons provides a promising route to hunt for new high-T c superconductors. Based on this picture and first-principles density functional calculation with Wannier interpolation for electronic structure and lattice dynamics, we predict that trilayer film LiB 2 C 2 is a good candidate to realize this kind of high-T c superconductivity. By solving the anisotropic Eliashberg equations, we find that free-standing trilayer LiB 2 C 2 is a phonon-mediated superconductor with T c exceeding the liquid-nitrogen temperature at ambient pressure. The transition temperature can be further raised to 125 K by applying a biaxial tensile strain.
Boosting superconducting transition temperature, T c , is one of the most important goals in the study of high-T c superconductivity. According to Bardeen-Cooper-Schrieffer (BCS) theory [1] , large density of states (DOS) at the Fermi level, strong electron-phonon coupling (EPC), and high-frequency phonons are beneficial for superconductivity. These three conditions are simultaneously fulfilled in MgB 2 , whereas the coupling between metallic covalent σ bands and bond-stretching boron phonons play an essential role in its 39 K superconductivity [2] [3] [4] [5] [6] [7] . Recently, Q-carbon by substituting borons for 27% carbons was successfully synthesized [8] . This compound shows 55 K superconductivity at ambient pressure, breaking the record of T c set by MgB 2 , for purely phononmediated superconductors [8] .
To search for new phonon-mediated superconductors with higher T c at ambient pressure, a number of candidates have been suggested. Among them, quasi-two-dimensional compounds composed of Li, B, and C, have been studied most intensively. The parent compound of these materials, LiBC, is a semiconductor, which is isostructural and isovalent to MgB 2 [9, 10] . By introducing vacancies at Li sites, Rosner et al. suggested that the covalent σ bands of LiBC will be partially occupied and become superconducting at about 100 K [11] . Similar prediction was made by Dewhurst et al. for Li 0.125 BC [12] . However, no evidence of superconductivity was reported down to 2 K in Li-deficient LiBC, i.e. Li x BC, [13] [14] [15] [16] , due to dramatic structural distortions to the boron-carbon layers introduced by Li vacancies, which impedes the metallization of σ-bonding electrons [17] .
Thus a unabridged Li lattice is importance in stablizing the crystal structure. In order to dope holes without introducing lattice distortion, replacing partially carbons by borons was proposed [18, 19] . In particular, based on first-principles calculations, we predicted that both Li 3 B 4 C 2 and Li 2 B 3 C could become superconducting above 50 K [19] . A similar compound Li 4 B 5 C 3 was also predicted to be a superconductor at 16.8 K [20] . However, to synthesize these Benriched stoichiometric compounds is difficult [21] . Experimentally, it was reported that hole-doped Li x B 1.15 C 0.85 shows a drastic decrease in resistivity below 20 K, but remains nonsuperconducting [22] .
Besides doping holes, applying pressure is another way to metallize LiBC. It was found that the crystal structure of LiBC remains unchanged up to 60 GPa [23] . Theoretically, the metallization occurs at a calculated pressure of 345 GPa, but the covalent σ bands remain unconducting [23] . By utilizing particle swarm optimization technique, Zhang uncovered a firstorder phase transition for LiBC from the low-pressure to a high-pressure insulating phase, at about 108 GPa [24] . This transition is accompanied by the formation of sp 3 -like boroncarbon networks. Thus, high pressure still can not metallize the covalent σ bands of LiBC effectively.
Is it possible to find a metallic LiBC-like compound which is relatively simple to synthesize? In this work, we point out that a trilayer LiB 2 C 2 film, which contains two honeycomb boron-carbon sheets intercalated by a vacancy-free triangular Li layer [ Fig. 1] , is just such a candidate. As no vacancies or substitutions are involved in trilayer LiB 2 C 2 , the holonomic Li lattice can inhibit the structural distortion in boron-carbon sheet. Furthermore, trilayer LiB 2 C 2 is directly derived from bulk LiBC, it has a high probability to be successfully grown.
We have carried out first-principles calculation in conjunction with the Wannier interpolation technique to determine the electronic structure, lattice dynamics, and EPC for trilayer LiB 2 C 2 [25] . We find that both σ and π bands emerge at the Fermi level in this two-dimensional material. The bondstretching E u and E g phonon modes couple strongly with the metallized σ electrons. After solving the anisotropic Eliashberg equations, we find that the free-standing trilayer LiB 2 C 2 is a two-gap superconductor, with T c about 92 K. The superconducting temperature is enhanced by applying a biaxial tensile strain (BTS) to the film. The optimal BTS appears around 6%-8%, at which the transition temperature could even reach 125 K. This enhancement can be understood by the increase of density of states (DOS) at the Fermi level and the strong softening relevant phonon modes under BTS.
In LiBC, Li atoms occupy the interstitial sites of layered honeycomb boron-carbon sheets [ Fig. 1(a) ]. The optimized lattice constants of bulk LiBC, obtained from our calculations, are 2.743 Å and 7.029 Å along the a and c axes, in good agreement with the experimental results (a=2.752 Å and c=7.058 Å) [9] . Trilayer LiB 2 C 2 is built from the middle three layers of bulk LiBC [ Fig. 1(b) ]. The c-axis lattice parameter of the slab model for this trilayer LiB 2 C 2 was set to 15 Å to avoid unphysical interactions between c-axis replicas. The in-plane lattice constant of trilayer LiB 2 C 2 is 2.706 Å, slightly smaller than in the bulk. Boron atom moves outward by 0.054 Å with Table I ] is almost twice that of MgB 2 [4] . Figure 3 shows the λ qν -weighted phonon spectrum and vibrational patterns of strongly coupled phonon modes in trilayer LiB 2 C 2 . The free-standing trilayer LiB 2 C 2 is dynamically stable because there is no imaginary frequency in the phonon spectrum [ Fig. 3(a) ]. The two strongly coupled phonon modes, E u and E g , only involve the in-plane vibrations of boron and carbon atoms [ Fig. 3(b) and Fig. 3(c) ]. The frequencies of E u and E g modes are respectivly 85.16 meV and 87.68 meV at the Γ point, about 20.3% and 23.8% higher than that of E 2g modes in MgB 2 [26] . This can be attributed to the stronger boron-carbon σ bonds and larger interatomic force constants in trilayer LiB 2 C 2 . Besides these two modes, several low-frequency phonon modes have also sizeable contribution to λ qν . Figure 4 shows the isotropic Eliashberg spectral function α 2 F(ω), total and projected phonon DOS. The main peak of α 2 F(ω) around 87 meV results from the E u and E g modes. From the projected phonon DOS calculated through quasi- harmonic approximation [ Fig. 3(b) and Fig. 3(c) ], it is clear that the low-frequency phonon DOS is contributed mainly by the out-of-plane displacements of boron and carbon atoms. These modes become more active in EPC due to the removal of quantum confinement [27, 28] . A sharp peak of F(ω) surrounding 50 meV is contributed by Li phonons. However, α 2 F(ω) is insignificant near 50 meV, indicating that the coupling between electrons and Li phonons is rather weak. The EPC constant λ of free-standing trilayer LiB 2 C 2 is 1.25, about 67.1% higher than that of MgB 2 [29] [30] [31] . Figure 5 shows the distribution of superconducting energy gaps ∆ nk and λ nk on the Fermi surface. There are two anisotropic superconducting gaps, associated with the σ bands and the π bands [ Fig. 5(a) ], respectively. The highest temperature with non-vanished gap is about 92 K, corresponding to T c [ Fig. 5(c) ]. The two-gap superconductivity results from the anisotropy of EPC constant λ nk on different Fermi sheets [ Fig. 5(b) ]. The σ electrons, especially those around the inner pocket shown in [ Fig. 5(b) ], couple strongly with the E u and E g modes. The Fermi-surface averaged gaps are ∆ σ =17.3 meV and ∆ π =4.7 meV at 10 K. The anisotropy of ∆ σ is slightly stronger than that of ∆ π [ Fig. 5(c) ]. In MgB 2 , the measured ∆ σ and ∆ π at 4.2 K are in the ranges of 7.0-7.1 meV and 2.3-2.8 meV [32] [33] [34] , respectively. ∆ σ of trilayer LiB 2 C 2 is about 2.47 times that of MgB 2 .
To further raise T c , we apply a BTS, described by ǫ = (a − a 0 )/a 0 × 100%, to trilayer LiB 2 C 2 . Here a 0 and a are the in-plane lattice constants before and after BTS. The boroncarbon sheet becomes more and more flat with the increase of BTS, and the separation between two layers is gradually depressed [ Table I ]. These structural changes have significant impacts on the band structure of trilayer LiB 2 C 2 . On one hand, the p z orbital experiences an enhanced Coulomb repulsion from Li layer. As a consequence, the energies of π bands are increased. The valence bands near the Γ point shrink below the Fermi level, but the energy of Dirac point is almost unaffected with respect to the Fermi level. On the other hand, BTS reduces the overlap among atomic orbitals and weakens the dispersion of energy bands, enlarging the electronic DOS at the Fermi level. Above 12% BTS, there is a sudden abatement in the σ-band DOS at the Fermi level, N σ (0), due to almost complete occupation of two σ bands [ Table I ].
With the increase of BTS, the strongly coupled phonon modes become softened [ Table I ], and the EPC constant λ is increased. Compared with the strain-free case, λ increases by 28.0% under 6% BTS. Moreover, trilayer LiB 2 C 2 is rather stable against BTS. No imaginary phonon frequency is found up to 8% BTS. A tiny imaginary phonon frequency of 1.97i meV emerges only when BTS is above 14%. Even this imaginary frequency may not be a signature of lattice instability, because similar phenomenon was also found in the simulations of germanene [35] , β 12 borophene [36] , buckled arsenene [37, 38] . This phenomenon may result from numerical difficulties in determining rapid decayed interatomic forces [39] . Above 10% BTS, there are abnormal arises of phonon frequencies for the E u and E g modes [ Table I ], probably related to the de-TABLE I. Calculated lattice parameter, electronic structure, EPC properties, and T c for trilayer LiB 2 C 2 under BTS. h C represents the height of carbon atom from the Li layer. h B -h C is the buckling height of the boron-carbon sheet. N σ (0) and N π (0) denote the σ-band and π-band DOS at the Fermi level, respectively. E σ 1 Γ and E σ 2 Γ stand for the energies of valance bands at the Γ point. The frequencies of strongly coupled phonon modes are labelled by ω Eu and ω Eg . ω log and ω 2 can be determined through exp cline of N σ (0). Figure 6 shows the BTS dependence of T c , determined by by self-consistently solving the anisotropic Eliashberg equations. A dome-like structure is observed. The maximal T c is about 125 K. For strained trilayer LiB 2 C 2 , the transition temperature is predominantly determined by the electronic DOS at the Fermi level and the EPC constant λ [Fig. 6 ].
Since mechanical exfoliation from the bulk phase is a robust method to produce ultraclean, highly crystalline thin films [41] , we also examine the possibility of synthesizing trilayer LiB 2 C 2 from LiBC. After cleaving the (0001) plane of LiBC, we find that the most favorable structure is a half-Literminated surface, with evenly distributed Li atoms. This can balance the chemical valence as uniformly as possible. A BCsheet-terminated surface has a disadvantage in energy, about . So the film that we can obtain after exfoliation is not trilayer LiB 2 C 2 , but trilayer LiB 2 C 2 with half-Li covering on each side. The exfoliation energy for half-Li-covered trilayer LiB 2 C 2 is 0.142 eV/Å 2 , about six times that of graphene [25] . The extra surface Li on trilayer LiB 2 C 2 can be further removed, for example, through vertical manipulation of tip in scanning tunneling microscopy (STM) experiment [42] .
In summary, based on first-principles density functional calculation and Wannier interpolation, we show that the σ-bands in trilayer LiB 2 C 2 are partially occupied. These metallized σ electrons couple strongly with the E u and E g phonon modes, driving this material into a high-T c superconducting phase at ambient pressure. Applying biaxial tensile strain to trilayer LiB 2 C 2 can significantly boost the T c to a higher temperature.
